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ABSTRACT: The eﬀects of pH and phosphate on the
precipitation of calcium carbonate polymorphs from aqueous
solution were investigated. Experiments were carried out at
near-freezing temperature and two diﬀerent pH conditions (pH
13.4 and 9.0). At each pH condition, solutions having diﬀerent
concentrations of CaCl2 and NaHCO3 were mixed to achieve
Ca/CO3 ratios of 1:1 and 10:1 at diﬀerent pumping rates with
and without phosphate. Results showed that, at pH 13.4, only
ikaite was formed, independent of pumping rate, Ca/CO3 ratio,
and phosphate. At pH 9.0, the precipitate was predominantly
vaterite in the absence of phosphate and ikaite in the presence
of phosphate regardless of the ratio of Ca/CO3. These results
indicate that at low temperatures and moderate alkaline
conditions (pH 9.0), phosphate can act as a switch between ikaite and vaterite polymorphs. Contrastingly, at higher alkaline
conditions (pH 13.4) phosphate is not prerequisite and the high pH in itself is enough to trigger ikaite formation over vaterite.
1. INTRODUCTION
Diﬀerent polymorphs of calcium carbonate (CaCO3) exist:
various amorphous forms, amorphous calcium carbonate
(ACC);1,2 two hydrated forms, calcium carbonate monohydrate
(MCC) and calcium carbonate hexahydrate (ikaite); and three
anhydrous polymorphs, vaterite, aragonite, and calcite.
The formation of diﬀerent polymorphs of CaCO3 is strongly
aﬀected by precipitation conditions. Among them, pH and
additives (e.g., phosphate) are considered to be two dominating
factors controlling polymorphism during calcium carbonate
precipitation.3,4 pH-dependent change of Ca−CO3 binding
strength is postulated to play an important role in determining
diﬀerent forms of ACC, which later transform into the
particular calcium carbonate polymorphs.5 However, changes
in solution pH will aﬀect the equilibrium concentration of
diﬀerent carbon species (e.g., HCO3
− and CO3
2−). This will
aﬀect the Ca/CO3 ratio in solution, making it diﬃcult to
separate the eﬀects of pH and solution stoichiometry. The
eﬀect of additives on calcium carbonate crystallization has been
extensively studied,4 however, the mechanism by which
additives inﬂuence precipitation at near-freezing temperature
is not well-known.
Ikaite is a metastable calcium carbonate phase for which the
formation mechanisms are poorly understood. Synthetic ikaite,
CaCO3·6H2O, has been known from laboratory studies since
the 19th century.6 In nature it was ﬁrst found at the bottom of
the Ika Fjord in Greenland and later in deep-sea sediments.7,8
In general, ikaite can be found in environments characterized
by near zero temperatures, high alkalinity and phosphate (PO4)
concentrations.9−11 More recently, ikaite has also been
observed in sea ice with relatively low PO4 concentrations.
12,13
In our previous study,14 we scanned a wide range of
experimental conditions (pH from 8.5 to 10.0 and phosphate
concentrations from 0 to 50 μmol·kg−1) at low temperatures
and salinities up to 105 to understand how these parameters
aﬀect ikaite precipitation under the condition representative for
sea ice. It was shown that ikaite is very likely the only calcium
carbonate polymorph precipitated in sea ice, even though ikaite
is a metastable form of calcium carbonate. In the current study
we focus on the mechanism of calcium carbonate polymorph
selection controlled by experimental conditions. The objective
is to investigate the role of pH and PO4 on the calcium
carbonate polymorphism at near-freezing temperature in low
ionic strength solutions.
2. EXPERIMENTAL PROCEDURES
2.1. Experiment Setup. A pH-stat system was used for the
precipitation experiments (Figure 1). This system consisted of a
reaction vessel in which the precipitation experiment was conducted.
This reaction vessel was placed in a double walled water jacket
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connected to a water-bath to keep the temperature between 0−0.5 °C.
At the beginning of the experiment, 200 mL of deionized water was
ﬁlled in the reaction vessel. Stock solutions of CaCl2 and NaHCO3
were pumped separately to the reaction vessel using two channels of a
high precision peristaltic pump (IPC-N, Ismatec). Solution pH was
adjusted at either 13.4 or 9.0 over the course of experiment by means
of NaOH addition. At pH 13.4, nearly all dissolved inorganic carbon
(DIC) is present in the form of CO3
2−; while at pH 9.0, ∼10% of DIC
is CO3
2−. At pH 13.4, two sets of stock solutions of CaCl2 and
NaHCO3 were used (0.3 : 0.3 mol·L
−1 and 0.3 : 0.03 mol·L−1) to
achieve ratios of 1:1 and 10:1 for Ca/CO3 in the reaction vessel. At pH
9.0, 0.3 : 0.3 mol·L−1 and 0.03 : 0.3 mol·L−1 of CaCl2 and NaHCO3
stock solutions were used to achieve ratios of 10:1 and 1:1 for Ca/CO3
in the reaction vessel. The eﬀect of PO4 (0 versus 10 μmol·L
−1) was
tested under each experimental condition. At pH 13.4 and stock
solutions of CaCl2 and NaHCO3 0.3 : 0.3 mol·L
−1, various pumping
rates from 3.6 to 100 μL·min−1 were also applied in the absence of
PO4. The solution in the reaction vessel was stirred at a constant rate
of 400 rpm by means of a Teﬂon-coated magnetic stirring bar. At pH
13.4, solution pH did not change throughout the experiment. At pH
9.0, 0.1 M NaOH solution was added by a titration system (TA20 plus,
SI Analytics) to keep the solution pH constant. Duplicates for each
experimental condition were carried out at 10 min interval.
2.2. Determination of Onset Time. Onset time in this study is
deﬁned as the time span between the moment when pumping starts
(i.e., Ca2+ and DIC are added to the reaction vessel) and the moment
the ﬁrst crystals are observed in the reaction vessel. At pH 13.4, the
onset of precipitation was determined by the moment when the ﬁrst
precipitates were observed using a microscope (Zeiss, Axiovert 200M).
Every 5 min, around 2 mL solutions from one experiment was taken
and checked carefully under the microscope using an objective with
63× magniﬁcation. When crystals from the ﬁrst experiment were
observed under the microscope, solutions from the parallel experi-
ment, which started 10 min after the ﬁrst one, were checked at 2 min
interval until crystals were observed. This procedure was used to
narrow down the accuracy of the determined onset time to less than 2
min.
At pH 9.0, the onset of precipitation was determined by the titration
curve. While calcium carbonate is precipitated from solution, CO3
2− is
consumed, resulting in the dissociation of HCO3
− to restore the
CO3
2−/HCO3
− equilibrium, which is accompanied by the release of
H+ that in turn decreases solution pH. This rapid change in pH could
have been used to determine the onset of precipitation. However, pH
in solution was kept constant by the addition of NaOH during the
experiment. Therefore, the sudden increase in the rate of NaOH
addition (dV/dt) to the reaction vessel was used to determine onset
time (marked with a circle in Figure 2). When the consumption of
NaOH solution increased drastically, the precipitate was also checked
under microscope to make sure the precipitate was crystalline instead
of powder-like ACC.
2.3. Polymorph Identiﬁcation. The phase identiﬁcation of the
crystals was done by means of combined optical imaging and Raman
spectroscopy. Raman spectroscopy can be used to reliably distinguish
between the various polymorphs of calcium carbonate.15,16 Here, we
assumed that crystals with similar morphology are of the same phase.
This was conﬁrmed by XRD method in a previous study.17 Crystals
with diﬀerent morphologies were checked using Raman spectroscopy
for phase identiﬁcation. Over the course of the experiment, the
morphology of the crystals was used for quick phase identiﬁcation
using an optical microscope. The reliability of this optical method was
veriﬁed by random crosschecks using Raman spectroscopy.
2.4. Evolution of the Ion Activity Product of Calcium and
Carbonate. The evolution of the ion activity product of Ca2+ and
CO3
2− (IAP) in the solution until the onset of calcium carbonate
precipitation under diﬀerent experimental conditions was calculated by
using the chemical equilibrium program Visual-Minteq 3.0.18 Since the
solubility constant of ikaite (Ksp,ikaite) is not in the standard database of
Visual-Minteq, Ksp,ikaite from the study of Bischoﬀ et al.
9 was added to
the Visual-Minteq database. For our experimental conditions, log
Ksp,ikaite was −7.20 at 0 °C.
3. RESULTS
On the basis of the optical images and Raman spectra (Figure
3a−d), two types of polymorphs could be identiﬁed in this
study. After a comparison with the available references,16,19 and
in house reference standards the precipitates were identiﬁed as
ikaite and vaterite. It is possible to distinguish between both
polymorphs unambiguously, based on the two internal
vibrational modes (in-plane deformation ν4, and symmetric
stretching ν1). For ikaite the peak position of ν4 is 718 cm
−1
whereas for vaterite a doublet at 745 and 752 cm−1 can be
observed. The peak position of ν1 is 1072 cm
−1 for ikaite and a
doublet with 1075 and 1090 cm−1 for vaterite.
At high pH (pH 13.4), only ikaite was formed, independent
of PO4 or the ratio of Ca/CO3. At low pH (pH 9.0), the
precipitate was predominantly vaterite and a few ikaite crystals
in the absence of PO4 and only ikaite in the presence of PO4
regardless of the ratio of Ca/CO3. At constant pumping rate of
100 μL·min−1, the shortest onset time of about 17 min was
observed at pH 13.4 and Ca/CO3 = 1:1 regardless of PO4. The
onset time (∼44 min) was similar between pH 13.4, Ca/CO3 =
10:1 and pH 9.0, Ca/CO3 = 10:1. The longest onset time
(∼100 min) was observed at pH 9.0 and Ca/CO3 = 1:1. No
signiﬁcant diﬀerence in onset time was found regardless of PO4
concentrations (0 versus 10 μmol·L−1) under the otherwise
same conditions.
At pH 13.4 and in the absence of PO4, ikaite was the only
calcium carbonate phase observed at pumping rates from 3.6 to
100 μL·min−1. The corresponding onset time decreased from
180 to 17 min.
Figure 1. Experimental setup for calcium carbonate precipitation
under varied experimental conditions at near-freezing temperature.
Figure 2. pH curve and rate of NaOH addition over the course of an
example experiment. The circle indicates the onset of calcium
carbonate precipitation.
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4. DISCUSSION
4.1. Calcium Carbonate Polymorphs Precipitated in
the Absence of PO4. The diﬀerent polymorphs of calcium
carbonate (ikaite or vaterite) precipitated under two pH
conditions in the absence of PO4 might result from the
diﬀerences in solution saturation state, pH, Ca/CO3 ratio and
induction time of vaterite τv, which is the time span from the
moment that the ion activity product of Ca2+ and CO3
2− (IAP)
passes through the vaterite solubility until the onset of any
calcium carbonate precipitation (in this study, the precipitate is
either vaterite or ikaite). Next, we discuss which of these
conditions might be the controlling factor(s) on the diﬀerent
polymorphs precipitated.
4.1.1. Eﬀect of Solution Saturation State. The ion activity
product of Ca2+ and CO3
2− at the onset of calcium carbonate
precipitation is shown in Table 1. In the absence of PO4, at pH
9.0 and Ca/CO3 = 10:1, the log (IAP) is nearly identical to the
one at pH 13.4 and Ca/CO3 = 1:1, but the precipitates are
diﬀerent, namely vaterite at pH 9.0 and ikaite at pH 13.4.
Similar results are found at pH 9.0, Ca/CO3 = 1:1 and pH 13.4,
Ca/CO3 = 10:1. This suggests that the diﬀerent precipitates at
two pH conditions are not determined by the saturation state
of the solution.
4.1.2. Eﬀect of Induction Time. The log (IAP) of Ca2+ and
CO3
2− evolution with time is shown in Figure 4a. Under all
conditions, the log (IAP) passes through both vaterite and
ikaite solubilities. In the absence of PO4, at pH 13.4, regardless
of the ratio of Ca/CO3, the precipitates are ikaite; at pH 9.0,
the precipitates are vaterite regardless of the ratio of Ca/CO3.
We noticed that τv is longer at low pH than at high pH
regardless of Ca/CO3 ratio (Figure 4b). At pH 9.0 and Ca/CO3
ratio of 1:1, τv is 81 min. Such a long τv might favor the
precipitation of the more stable anhydrous form of calcium
carbonate, namely, vaterite in this experiment, which might be
an explanation for the precipitation of vaterite at low pH.
Nevertheless, the eﬀect of τv can be excluded based on
another experiment. The evolution of the log (IAP) of Ca2+ and
CO3
2− with time as well as vaterite induction time carried out at
pH 13.4 and diﬀerent pumping rates (from 100 to 3.6 μL·
min−1) is shown in Figure 5a and 5b. τv varies from 14 to 100
min, which covers the induction time apparently suﬃcient for
vaterite formation at low pH (Figure 4b). If the long τv is the
reason for vaterite precipitation, the precipitates at high pH and
low pumping rates should be vaterite as well. In fact, no vaterite
was observed even at τv = 100 min at pH 13.4. At these
Figure 3. Typical ikaite morphology (a) and Raman spectrum (b); vaterite morphology (c) and Raman spectrum (d) obtained in this study.
Table 1. log (IAP) of Calcium and Carbonate and
Precipitates at Varied pH and Ca/CO3 Ratios in the Absence
of PO4
pH 13.4 9.0
Ca/CO3 1:1 10:1 10:1 1:1
log (IAP) −6.403 −6.690 −6.408 −6.727
precipitate ikaite ikaite vaterite vaterite
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pumping rates and pH 13.4, ikaite was the only calcium
carbonate polymorph precipitated. This indicates that the
precipitation of vaterite at pH 9.0 is not caused by the longer
period the system is supersaturated with respect to vaterite.
4.1.3. Eﬀect of pH and Ca/CO3 Ratio. Since the eﬀect of
solution saturation state and induction time are not the reason
for the precipitation of diﬀerent calcium carbonate polymorphs
in the absence of PO4, there are only two variables left: pH and
the ratio of Ca/CO3.
At the same pH (either 9.0 or 13.4) but diﬀerent ratio of Ca/
CO3 and log (IAP), the precipitates are the same; at the same
ratio of Ca/CO3 but diﬀerent pH and log (IAP), the
precipitates are diﬀerent (Table 1). As discussed in section
4.1.1, saturation states of the solution do not aﬀect diﬀerent
polymorphs precipitated in this study. Therefore, this result
indicates that the change in pH determines which polymorph is
precipitated (ikaite or vaterite) rather than the Ca/CO3 ratio.
4.2. Calcium Carbonate Polymorphs Precipitated in
the Presence of PO4. At pH 9.0, diﬀerent precipitates are
observed with or without PO4 at diﬀerent ratios of Ca/CO3.
The onset time is nearly identical at the same Ca/CO3 ratio
(Table 2) indicating that the degree of solution saturation and
τv are the same regardless of PO4. So the diﬀerent precipitates
are only caused by the presence or absence of PO4. This
indicates that the addition of PO4 triggers the formation of
ikaite over vaterite at low pH.
4.3. Mechanisms of the Ikaite/Vaterite Polymorph
Switch. From the discussion above, it is clear that pH and PO4
can act as a switch between ikaite and vaterite polymorphs. In
the following subsections, we look into the mechanisms of pH
and PO4 in controlling the calcium carbonate polymorphs.
4.3.1. Mechanism of pH Eﬀect. The eﬀect of pH on calcium
carbonate polymorphism might be related to the HCO3
−/
CO3
2− ratio in solution. At pH 13.4, nearly all the dissolved
inorganic carbon is in the form of CO3
2−, while at pH 9.0,
HCO3
− becomes the dominant species with a ratio of HCO3
−/
CO3
2− around 10:1. Now the question is how the change in
HCO3
−/CO3
2− ratio aﬀects the polymorphism of calcium
carbonate.
It has long been reported that ion pairs of CaCO3
0 and
CaHCO3
+ exist in calcium carbonate solution.20,21 According to
the calculation results form Visual-Minteq, at high pH, CaCO3
0
is the dominant ion pair in solution while at pH 9.0, CaHCO3
+
becomes a signiﬁcant ion pair with an activity ratio
{CaHCO3
+}/{CaCO3
0} = 0.2 (Figure 6).
Recent studies suggest that the nucleation of calcium
carbonate occurs via stable prenucleation clusters and these
calcium carbonate clusters display diﬀerent structures related to
Figure 4. Evolution of the log (IAP) of calcium and carbonate with
pumping time until the onset of precipitation (a) and induction time
of vaterite τv (b) at varied pH and Ca/CO3 ratios in the absence of
PO4. The precipitates are ikaite at pH 13.4 and predominantly vaterite
at pH 9.0 regardless of the ratio of Ca/CO3.
Figure 5. Evolution of the log (IAP) of calcium and carbonate with
pumping time until the onset of precipitation (a) and induction time
of vaterite τv (b) at varied pumping rates, pH 13.4, Ca/CO3 = 1:1 and
in the absence of PO4. Ikaite is the only precipitate under all the
pumping rates.
Table 2. Onset Time and Precipitates at pH 9, Varied Ca/
CO3 Ratios, and PO4 Concentrations
pH 9.0
Ca/CO3 10:1 10:1 1:1 1:1
PO4 (μmol·L
−1) 0 10 0 10·
onset time (min) 46 ± 2 49 ± 4 102 ± 6 101 ± 4
precipitate vaterite ikaite vaterite ikaite
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diﬀerent forms of ACC, which further transform into the
particular crystalline polymorphs.5,22,23 According to an atom-
istic simulation study, these stable prenucleation clusters might
be liquid-like ionic polymers with units of CaCO3
0 and
CaHCO3
+, and their structures vary with pH; it was concluded
that at low pH, the chain length is limited by competition
between CO3
2− and HCO3
−, with the latter species generally
acting as a chain terminator.24 Since the ikaite/vaterite
polymorph switch observed here occurs at a similar pH
condition as the previously reported switch in prenucleation
cluster size,24 the formation of smaller prenucleation clusters at
low pH due to the presence of “cluster-terminating” HCO3
−
may, in the present case, drive the switch. We therefore propose
the presence of “cluster-terminating” HCO3
− may be the
driving force behind the ikaite/vaterite polymorph switch
observed in this study.
4.3.2. Mechanism of PO4 Eﬀect. A recent study showed that
sodium-triphosphate can bind prenucleation clusters.25 It was
postulated that sodium-triphosphate might preferentially
adsorb onto clusters with certain structures, which would lead
to a change in the local structure of nucleated particles,
simplifying the nucleation for particular polymorphs.25 On the
basis of our experimental results, the presence of PO4 might
change the structure of the calcium carbonate clusters, which
later favors the formation of ikaite. On the other hand, it has
also been suggested, based on ﬁrst-principles molecular
dynamics simulations, that the hydration structure and water
dynamics of the ﬁrst and second hydration shell of calcium can
even be inﬂuenced at the atomic level by simple anions such as
halide ions.26 Therefore, it is plausible to speculate that the
presence of PO4 will play a similar or even more eﬀective role
in calcium carbonate crystallization processes. If the presence of
PO4 in solution results in a decreasing dynamics of the
solvation shell of Ca2+, dehydration of Ca2+ will become slower,
which might favor the formation of hydrated calcium carbonate
polymorph,9 thereby driving CaCO3 precipitation toward the
hydrated polymorph, in our case, ikaite at pH 9.0.
5. CONCLUSIONS
At near-freezing temperature, precipitation of metastable forms
of calcium carbonate from solution is favored (ikaite or
vaterite). Both pH and phosphate contribute to the polymorph
switch between vaterite and ikaite. At moderate alkaline
conditions, formation of ikaite is favored over vaterite in the
presence of phosphate; at high alkaline conditions, no
phosphate is needed to trigger ikaite formation. The eﬀect of
pH on diﬀerent polymorphs of calcium carbonate is related to
the ratio of HCO3
−/CO3
2−, which might aﬀect the structure of
prenucleation clusters. The presence of PO4 might change the
structure of the calcium carbonate clusters and/or alter the
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